A planar solid-state photocapacitor with two electrodes has been prepared for the first time using a passivated film of ZnS with Ag 2 S quantum dots deposited on ZnO nanorods, which were electrochemically grown on ZnO seed layers, as the photoanode. The supercapacitor part is composed of a electrodeposited poly(3,4-ethylene-dioxythiophene) PEDOT film as the counter-electrode and an ionic liquid-based electrolyte between them deposited by the dip coating method. The different nanostructures and electrodes were morphologically and structurally characterized, and the device was electrochemically characterized and could reach a potential of 0.33 V during photocharge and a storage efficiency of 6.83%.
Introduction
Solar photovoltaic energy conversion depends heavily on ambient factors and weather conditions (such as light intensity and day-night cycles), making the availability of solar photovoltaic power intermittent and many times unreliable. [1] [2] [3] These problems impel the use of energy storage devices, which help mitigate the power output swing during generation. [2] [3] [4] [5] As solar cells of all types are unable to store the converted energy for further use, usually external energy storage devices, such as batteries and electrochemical capacitors (supercapacitors), are used in combination with solar cells. 2, [5] [6] [7] In recent years, due to their elevated energy efficiency, quick rechargeable capacity, long cycle life and low maintenance costs, supercapacitors have drawn growing attention among the different energy storage systems. 3, 5, [8] [9] [10] [11] [12] In fact, electrochemical supercapacitors with high power density, fast charge/discharge rate (in seconds) and stable cycling performance have attained great research interest for applications in hybrid electric vehicles, portable consumer electronics and solar power plants. 2, 5 Moreover, the electrode materials used in supercapacitors are oen cost-effective and non-toxic, making them convenient for users and environmentally friendly. 2, 5, 6, [11] [12] [13] Usually, the photoenergy converter and energy storage devices are separately operated, resulting in some space and energy consumption by the external connection system, thereby reducing the storage efficiency of the supercapacitor part. 2, 6, 9, 14, 15 In order to alleviate this problem, significant efforts have been made to develop new integrated energy systems that combine the functions of both photovoltaic cells and energy storage units into a single device for high efficiency, lightweight, exibility and portability. 2, 4, 9, 14 In this sense, devices that combine solar cells and supercapacitors for both solar energy capture and electrochemical energy storage in the same device are referred to as photo-supercapacitors or solar capacitors. 3, 5, [15] [16] [17] [18] [19] [20] For manufacturing these integrated "photocharging" energy systems, multiple solar cells technologies (e.g., dye-sensitized, organic, perovskite, and silicon) for the solar cell part and super-capacitors types (double layer, pseudocapacitors, and hybrid) for the storage part have been combined following different approaches. 3, 5, 7, 14, [16] [17] [18] [19] 21, 22 At present, most of the integrated photo-supercapacitors are based on dye-sensitized solar cells and capacitors. 7, 15, 17, 18, [21] [22] [23] However, to date, the integration of a quantum dot solar cell (QDSC) and a supercapacitor has hardly been reported, and the literature on this topic is scarce. 3, 7, 15, 17, 18, [21] [22] [23] In fact, only a couple of works dealing with photo-supercapacitors based on photoanodes made of TiO 2 mesoporous layers sensitized by CdS and CdS/CdS quantum dots (QDs) are found in the literature. 24, 25 In this conguration, the QD-based photoanode converts solar energy into electric current, and this current is utilized to charge the supercapacitor. 24, 25 In this paper, a ZnO nanorod (NRs) array decorated with Ag 2 S QDs and one-dimensional architecture was employed as the exciton generator (the solar cell part of the photo-supercapacitor). Zinc sulphide (ZnS) was deposited over Ag 2 S in order to passivate the surface and avoid recombination. 26 The energy band structure and physical properties of ZnO are similar to those of TiO 2 , 27,28 whereas its electron mobility is higher (ZnO, 115-155 cm 2 V À1 s À1 ; TiO 2 10 À5 cm 2 V À1 s À1 ). 27, 28 Consequently, ZnO is expected to exhibit faster electron transport with less recombination loss. 27, 28 Furthermore, ZnO is considered as the most promising alternative to TiO 2 due to its ease of crystallization and anisotropic growth. 27, 28 Recently, narrow bandgap semiconductor QDs, such as Ag 2 S, CdS, CdSe, CdTe, PbS, PbSe, InP, In 2 S 3 and InAs, have been intensively used as sensitizers of widegap photoanodes (ZnO and TiO 2 materials) in QDSCs. [29] [30] [31] [32] [33] [34] [35] Among these, Ag 2 S is an excellent choice, particularly due to its narrow band gap (1.1 eV), which is very close to the optimal band gap value of a single junction photovoltaic device (1.13 eV), and negligible toxicity. 36 On the other hand, poly(3,4-ethylene-dioxythiophene) (PEDOT), an air-and thermal-stable, environmentally benign, highly transparent and highly conductive hole conducting polymer, has been widely used as the conductive electrode in exible electronic and optoelectronic devices. 13, 14, 37, 38 Furthermore, PEDOT exhibits a strong ability for hole transport and charge storage. 13, 14, [39] [40] [41] Therefore, PEDOT has been used here both as a hole transport material and as a polymeric charge storage counter-electrode. Moreover, the electrolyte is another component of the photocapacitor, which plays an important role, and should have a high ionic conductivity.
Recently, an interesting PVP/[HEMIm][BF 4 ] solid-state and self-standing ion gel electrolyte was developed by our group and successfully tested on supercapacitors, (see more details in ESI †). 11, 16 Herein, we report for the rst time, a planar photo-supercapacitor with nano-architecture composed of ZnO NR arrays decorated with Ag 2 S QDs as the photoelectrode (photoanode), PVP/[HEMIm][BF 4 ] solid-state ion-gel as the electrolyte and polymeric PEDOT as the capacitor-type counter-electrode.
Experimental methods

Preparation of the photoelectrode
To prepare the photoelectrode part of the photocapacitor, rst, ZnO nanorod arrays (NRs) (the main nanoarchitecture of the photo-storage device) were electrochemically grown onto zinc oxide thin lm seed layers (SLs) deposited onto transparent substrates, which consisted of glass plates with a conductive thin lm of uorine-doped tin oxide (SnO 2 :F, FTO) on one side (Pilkington TEC Glass, sheet resistance of about 8 U , À1 ). The FTO/glass substrates were rst cleaned by ultrasonication for 15 minutes each in acetone, 2-propanol and de-ionized water. To form the zinc oxide seed layer on each electrode, 1 mL of a Zn(CH 3 COO) 2 (10 mM) methanolic solution was added dropwise via spin-coating (2000 rpm) for 40 seconds, and then, the sample was dried at 105 C for 10 min. This process was repeated four times. Finally, an annealing treatment was performed under air at 350 C for 20 min with a temperature/time ramp of 10 C min À1 . Substrates obtained following the above-described procedure were known as the one zinc oxide seed layers (1SL). Subsequently, on repeating this procedure on the prepared zinc oxide 1SL modied-FTO/glass substrate, in the second cycle, the corresponding zinc oxide 2SL FTO/glass substrates were obtained. ZnO nanorod arrays were grown from a 1 mM zinc acetate aqueous solution maintained at 70 C by the electrochemical deposition method. As the supporting electrolyte, 0.1 M sodium acetate was employed to ensure good electrical conductivity in the aqueous solution (Milli-Q quality water, 18 MU cm À1 ). The pH of the solution was initially adjusted to 6.76. Electrodeposition was performed in a conventional three-electrode electrochemical cell with the substrate as the working electrode, a platinum sheet as the counter electrode and a saturated calomel electrode (SCE) as the reference. Electrodeposition was carried out potentiostatically at À1.0 V vs. SCE. The electrolyte was saturated with pure molecular oxygen by continuous bubbling starting 45 min prior to electrodeposition and during the growth process. The electrochemical deposition time was 3600 s. Aer electrodeposition, the ZnO NRs/ZnO SL/FTO/glass substrate samples were thoroughly and carefully rinsed with DI water to remove unreacted products from the surface and dried under a moderate air ux. The ZnO NRs were selected based on the best condition determined from the experimental optimization performed previously: [
Then, the ZnO nanowire arrays were decorated with Ag 2 S QDs through the facile successive ionic layer adsorption and reaction (SILAR) method. The ZnO nanorod array samples were successively immersed for 1 min each in two different non-aqueous solutions, one containing Ag + cations (50 mM AgNO 3 in ethanol) and the other one containing S 2À anions (50 mM Na 2 S in methanol). Aer the Ag + and S 2À dipping periods, the sample was rinsed for 40 s with ethanol (aer cationic dipping) and methanol (aer anionic dipping), respectively, to remove the excess ions weakly bound to the nanorod surface. This procedure completed one SILAR cycle. This Ag 2 S QD decoration process was repeated for 9 SILAR cycles. Then, thermal annealing was carried out at 400 C for 1 hour in an N 2 atmosphere. Finally, the ZnO NRs decorated with Ag 2 S QDs were passivated by the deposition of a thin ZnS layer. The passivating ZnS layer was coated onto the ZnO/Ag 2 S QD nanostructures using the SILAR method as well. To this end, the ZnO/Ag 2 S nanostructured samples were successively immersed in two different aqueous solutions for 1 min each, one containing Zn 2+ cations (0.5 M of Zn(CH 3 COO) 2 ) and the other containing S 2À anions (0.5 M Na 2 S). Between each Zn 2+ and S 2À dipping period, the sample was rinsed with water for 40 s to remove the non-adsorbed/unreacted ions. This SILAR coating cycle was repeated 4 times. PEDOT was electrodeposited on this structure to act as the hole transporting material and as a shared electrode between the photoelectrode and the counter-electrode. Fig. 1 shows the different steps in the fabrication of the photoelectrode part of the photocapacitor.
Supercapacitor part preparation
PEDOT was synthesized by the electropolymerization of EDOT over commercial FTO/glass substrates by employing 5 cycles of cyclic voltammetry. Once PEDOT was electrodeposited on one side of the FTO glass substrate, it was dipped in an ionic liquid solution composed of methanol, PVP and [HEMIm][BF 4 ].
Assembly of QDSSC with supercapacitor to form the integrated two-electrode photo-supercapacitor
Once the photoanode and the supercapacitor were constructed, they were assembled with a polymer separator (Solaronyx, 25 mm thickness) (size: 0.5 cm Â 0.5 cm) sandwiched between the QDSSC and the counter-electrode. Both parts were connected due to the high viscosity of the electrolyte. Aer a while, the parts remained totally bounded, thus completing the device.
Material characterization
The structural characterization of the photoelectrode was carried out by X-ray diffraction (XRD) on a PANanalytical X'Pert Pro automated diffractometer. Patterns were recorded in the Bragg-Brentano conguration using a monochromatic high intensity (Cu Ka1) radiation. An X'Celerator detector with a step size of 0.017 (2q) was used, and the working power was 45 kV Â 40 mA. The oxidation state of the chemical elements was studied via X-ray photoelectron spectroscopy (XPS) using an ESCA 5701 from Physical Electronics (PHI). An Mg Ka radiation source (15 eV) with an operating power of 400 W in an ultra-high vacuum system at a base pressure of $1.3 Â 10 À8 Pa was employed. Topographic AFM examinations were performed by using a Nanoscope V tapping-mode AFM (Veeco Instruments) employing sharp silicon tips.
Field emission scanning electron microscopy (FE-SEM) images of the electrodes were obtained on a Helios Nanolab 650 Dual Beam equipment from FEI Company. High-resolution transmission electron microscopy (HRTEM) images were obtained on a Talos F200X instrument.
The electrochemical behavior of the resulting photosupercapacitor was evaluated by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) measurements and electrochemical impedance spectroscopy (EIS) carried out at room temperature with a Biologic VSP potentiostat.
For the investigation of the photovoltaic supercapacitor performance of the photo-supercapacitor, illumination was provided by a 500 W Oriel xenon lamp with a solar lter AM1.5G, and the incident illumination power at the electrode surface was about 100 mW cm À2 .
Results and discussion
Structural and morphological properties of the ZnS/ Ag 2 S/ZnO photoanode
The working principle of this photocapacitor is shown in Fig. 2 ; the red and green arrows indicate the photo-charge and discharge processes of the supercapacitor, respectively. The mechanism was interpreted as follows: under light illumination, the Ag 2 S QDs are photo-excited, and the electrons from QDs are injected into the ZnO nanorods and ow through the external circuit to the counter-electrode (PEDOT), where negative charge accumulates. At the same time, the PEDOT layer electrodeposited over the ZnO nanorods of the photoanode results in a partial positive charge. The BF 4À ions are attracted toward this positive charge, and the ion gel cations [HemIm] + go to the PEDOT/FTO layer, which is the negatively charged cathode, producing the separation of the ionic liquid electrolyte and forming a double layer. The perchlorate anion (ClO 4À ) corresponding to the PEDOT layer suffers oxidation and reduction reactions ( Fig. 5 ). Then, a double layer supercapacitor base is obtained. Finally, during the discharging process in darkness, the double layer reorganizes itself again. The structural and morphological characteristics of the photoanode are shown in Fig. 3 . The FESEM micrograph of ZnO nanorods grown on the FTO/ZnO seed layer is shown in Fig. 3a , demonstrating a high degree of orientation along the z-axis. The top-view of the nanorods (inset) shows the characteristic hexagonal shape of the wurtzite structure. Fig. 3b shows the images of the ZnO@Ag 2 S core-shell NRAs. Aer sensitization, the NR surface became rough and grainy, which was clearly visible with spherical nanoparticles surrounding them. The morphology of the ZnO nanorods before and aer QD deposition was similar, which indicated that the NR structure did not change during Ag 2 S QD growth. These results suggested that the Ag 2 S QDs were successfully deposited onto the surface of the ZnO nanorods along their entire length, forming a ZnO/Ag 2 S core-shell structure. Fig. 3c shows the same Ag 2 S@ZnO NRAs covered with ZnS, demonstrating that the lm covered the entire surface of the quantum dots. It has been conrmed that this ZnS lm contributes to the improvement of the photoresponse. 42, 43 Fig. 3d shows the tilted view of the nanostructures covered with electrodeposited PEDOT. It could be seen that PEDOT covered the surface of the nanorods, forming a uniform lm.
The ner details of the Ag 2 S@ZnO NRAs core-shell microstructure were further investigated by high-resolution transmission electron microscopy (HRTEM), as illustrated in Fig. 4a and b. A single Ag 2 S QD/ZnO NR detached from the ZnO seed layer substrate and the large number of QDs deposited onto the entire NR surface are shown (the inset displays the fast Fourier transform (FFT) image). Fig. 4b shows the magnied image of the QDs deposited on the ZnO nanorod surface. It could be observed that the Ag 2 S QDs had a spherical shape with a mean diameter in the range of 10-20 nm. Three lattice fringes corresponding to the monoclinic (1 1 0), (À1 1 2) and (À1 2 1) planes were marked for the nanoparticles of Ag 2 S, which were in accordance with the peaks in the XRD pattern ( Fig. S1a, ESI †) . Furthermore, the (1 1 0) and (À1 2 1) planes, which were not identied by routine XRD analysis, could be detected in this high-magnication HRTEM image.
The C 1s, O 1s, Zn 2p, Ag 3d and S 2p core levels were measured. Fig. 4d shows the S 2p region of the XPS spectrum. The black line represents the experimental data, and the red line corresponds to the tted curve. This peak could be deconvoluted into four peaks corresponding to S 2p 3/2 , S 2p 1/2 in ZnS and Ag 2 S. The binding energy of the S 2p 3/2 peak located at 161.80 eV is in accordance with the binding energy of ZnS. [44] [45] [46] The lowest energy peak of S 2p 3/2 was located at 160.93 eV, corresponding to Ag 2 S. Furthermore, the peak position of Ag 3d 5/2 was located at 367.55 eV, as seen in Fig. 4c . These values are in good agreement with the reported values for Ag 2 S nanoparticles. 46, 47 
Morphological characterization of the PEDOT electrodes
Poly(3,4-ethylenedioxythiophene) (PEDOT) was electrodeposited onto FTO and exhibited a dark blue color. It was uniform with no visible defects and had good adhesion to the FTO surface. The FE-SEM micrographs of PEDOT lms deposited onto FTO substrates by the potentiostatic polymerization method are presented in Fig. 5a . The low-magnication image shows a uniform and continuous lm without cracks or pinholes. The inset image depicts a high-magnication image of the lm, showing a dense and rough granular layer made of round-shaped particles about 200 nm in diameter. The thickness of the PEDOT lm was measured from the cross-section images from eld emission-scanning electron microscopy (Fig. 5b) . Aer 5 cycles, the average thickness of the PEDOT lm was 59.6 nm. Fig. 5c shows the AFM images of PEDOT over an area of 1 mm 2 . The roughness of the PEDOT electrodes grown for 5 cycles was 40.4 nm. In order to conrm the successful electrodeposition of the PEDOT thin lm on the FTO/glass substrate, Raman spectroscopy was carried out. Fig. 5d shows the typical Raman spectrum of the PEDOT thin lm in the wavenumber region 1800-400 cm À1 . In Table 1 , the wavenumbers of the eleven Raman peaks and comparison with studies on undoped PEDOT based on the research of Chiu View Article Online et al., 63 Snyder et al. 48 and Louarn et al. 49 are presented. Our Raman spectrum showed a consistent match for all peaks with the corresponding Raman peaks of chemically synthesized PEDOT. 50 The shi in the position of some doped PEDOT peaks relative to those of undoped PEDOT was related to the level of doping in the conducting polymer. The most intense peak was observed at 1439 cm À1 , which was attributed to the C a ]C b (-O) symmetric stretching vibrational modes. The asymmetric C a ] C b stretching modes were identied by the peaks at 1495 and 1533 cm À1 . This indicated that in the electropolymerization process, PEDOT lm formation involved long-chain linkage through a-b couplings. Therefore, the linkages at the b-position were formed via progressive delocalization of the unpaired electrons. 51 The position of the Raman peaks corresponding to the C b -C b stretching and the C a -C a 0 inter-ring stretching modes at 1366 and 1266 cm À1 , respectively, suggested that the cation Oxyethylene ring deformation radical association also occurred by the linkage at the a-a 0 (5,5 0 ) position, which indicated short-chain PEDOT oligomers and that the molecular structure was dominantly in the trans conguration with a high regiochemical order. 52 ClO 4À ion conjugation during PEDOT growth was revealed by a broad peak at 939 cm À1 based on the Raman peak of free ClO 4À at 934 cm À1 and that of the [Li + ClO 4À ] ion pairs at 948 cm À1 . 53 The anion (ClO 4À ) association in the growing chain network was caused by the positive charge in the molecular subunits of the chain, thus creating the doped state of PEDOT. Finally, from the Raman spectrum, it was concluded that conducting polymer-doped PEDOT was successfully electrodeposited onto the FTO substrates. Fig. 6a shows the cyclic voltammograms obtained at different scan rates (50, 100, 150 and 200 mV s À1 ) with higher areas under the curves at higher scan rates, as expected. The shape of the curves was almost rectangular at all scan rates, indicating low resistance and good reversibility. As shown in Fig. 6b , the neartriangular shape of the galvanostatic charge-discharge curves at different current densities indicated the quasi-reversible process characteristic of the pseudocapacitor. To analyze the cyclic stability of the photocapacitor, the specic capacitance and specic energy were calculated from the CV curves obtained from 1200 cycles (Fig. 6c ), and the resulting values are plotted in Fig. 6d . Specic capacitances from 0.334 mF cm À2 to 0.339 mF cm À2 were achieved under dark conditions depending on the voltammetry cycle number. Furthermore, specic energies from 7.44 mJ cm À2 to 7.53 mJ cm À2 were obtained. Though both values decreased with the cycle number, this decrease was not very relevant considering the number of cycles (1200).
Electrochemical performance
Impedance analysis
In order to study the photocapacitor device characteristics, electrochemical impedance spectroscopy (EIS) measurements were recorded at four different applied bias potentials E ¼ 0.0 V, 0.1 V, 0.2 V and 0.3 V under dark conditions. The obtained values are depicted in Table 2 . Fig. 7a and b show the typical Nyquist and Bode plots of the photocapacitor device under study at the applied bias potential E ¼ 0.0 V. The ts indicated by solid lines in the plots showed good agreement with the data. This conrmed the suitability of the equivalent circuit model used. The Nyquist plot consisted of an incomplete small semicircle at the higher frequency region with a non-zero intercept and a linear tail at lower frequencies. The impedance at high frequencies showed low resistive behaviour with the series resistance of 136.2 U at 0.0 V, which remained constant at higher applied voltages. Series resistance (R s ) represents the sheet resistance of FTO and the contact resistance of the FTO/ ZnO nanorods. The semicircle with a linear tail in the Nyquist plot suggested that the polarization was due to a combination of diffusion and kinetic processes. Parallel resistance (R p ) represents the resistance to leakage currents in the photocapacitor, and their values were very high and increased with applied voltage. These results meant a low leakage current and therefore The "n" values were nearly 1, which indicated that this QPE approached the capacitance of a rough surface of 40.4 nm, which was conrmed by the AFM characterization of the PEDOT electrodes (Fig. 4c) . The values obtained for R ct were not very high and indicated an electron transfer reaction in the photoanode. Fig. 8a shows the photocharge and galvanostatic discharge process (in dark) of the photosupercapacitor at different discharge current densities from 4 to 400 mA cm À2 . The device was totally photocharged to a nal work potential of 0.33 V in 40 s and the process was maintained for 600 s consistently. The voltage achieved is higher than those of other photocapacitors composed of two electrodes 54, 55 and even with three electrodes reported in the literature. 56 The photocharge time was lower than that reported in another study, 57 which was higher than 2000 s. Aer photocharge, the device was discharged at 4 mA cm À2 in a discharge time of 55 s, at 40 mA cm À2 in 2 s and at 400 mA cm À2 in 1 s. As expected, the discharge time decreased with the applied current density, achieving 100 s for the lowest value of current density. This discharge time was comparable to those of other photocapacitors with higher applied discharge current density. 4, 58 Some cycles of photocharge and galvanostatic discharge (in dark) carried out at 4 mA cm À2 are presented in Fig. 8b , showing the stability of the photocapacitor through the cycling process (50 cycles). The performance of the integrated Fig. 7 (a) Nyquist and (b) Bode plots recorded for the photocapacitor device at an applied bias potential of 0.0 V under dark conditions. The symbols (open circle shapes) stand for experimental data; the solid lines are the curves fitted to the electrical circuit model depicted in the inset of (a). The inset shows the high frequency region. Fig. 8 (a) Photocharge under AM1.5G simulated sunlight (100 mW cm À2 ) illumination and galvanostatic discharge at 4 mA cm À2 in dark conditions (inset shows the galvanostatic discharge at 40 mA cm À2 (blue line) and 400 mA cm À2 (red line) current densities). (b) Some cycles of photocharge/galvanostatic discharge at 4 mA cm À2 . Cycle numbers are indicated. photocapacitor was evaluated by calculating the h overall and h storage values from the photocharge-discharge curves. The capacitance of the device was 0.667 mF cm À2 , which is higher than that reported in another work that employed ZnO as the photoelectrode and graphene as the counter-electrode 59 and in the range of another photosupercapacitor based on Bi-polar TiO 2 nanotubes. 60 The calculated stored energy was reached the value of 3.63 Â 10 À5 W h cm À2 . Furthermore, the integrated photocapacitor reached the maximum overall photoelectric efficiency of h overall ¼ 8.25 Â 10 À4 % and maximum storage efficiency of h storage ¼ 6.83%. Although other photocapacitors with higher efficiencies exist in the literature, 61, 62 the concept of photocapacitor is promising and the device exhibits good capacitance, less photo-charge time and stability in repeated photocharge-discharge cycles. Furthermore, this two-electrode device is low in cost, environmentally friendly and easy to fabricate.
Photovoltaic supercapacitor performance
Conclusions
In conclusion, a two-electrode solid-state integrated photosupercapacitor containing ZnO nanorod arrays decorated with Ag 2 S quantum dots as the photoanode, a PEDOT charge storage counter-electrode and an ion-gel electrolyte was successfully obtained. The FE-SEM images of the photoanode showed the electrochemical growth of the ZnO nanorod arrays with a high degree of orientation along the z-axis. The HRTEM image of the Ag 2 S quantum dots demonstrated that they covered the entire nanorod surface and had an average diameter of 10-20 nm. The presence of ZnS over Ag 2 S was identied through XPS analysis. A symmetric supercapacitor based on PEDOT electrodes and PVP/[HEMIm][BF 4 ] electrolyte was developed as the charge storage part of the photo-supercapacitor. Its specic capacitance was 0.667 mF cm À2 , and the storage efficiency was 6.83%. The photosupercapacitor showed high stability with the photocharge and discharge cycles achieving a maximum voltage of 0.33 V in 40 s. This conguration of the two-electrode photocapacitor offers an interesting starting point to improve the efficiency and reduce the cost of three-electrode photocapacitor production without employing dyes as sensitizers.
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